Singlet-Catalyzed Electroweak Phase Transitions and Precision Higgs
  Studies by Profumo, Stefano et al.
ACFI-T14-14
Singlet-Catalyzed Electroweak Phase Transitions and Precision Higgs Studies
Stefano Profumo1, Michael J. Ramsey-Musolf2,3, Carroll L. Wainwright1, Peter Winslow2
1Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, CA 95064, USA
2Physics Department, University of Massachusetts Amherst, Amherst, MA 01003, USA and
3Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125, USA
(Dated: September 8, 2014)
We update the phenomenology of gauge singlet extensions of the Standard Model scalar sector
and their implications for the electroweak phase transition. Considering the introduction of one real
scalar singlet to the scalar potential, we analyze present constraints on the potential parameters
from Higgs coupling measurements at the Large Hadron Collider (LHC) and electroweak precision
observables for the kinematic regime in which no new scalar decay modes arise. We then show
how future precision measurements of Higgs boson signal strengths and Higgs self-coupling could
probe the scalar potential parameter space associated with a strong first-order electroweak phase
transition. We illustrate using benchmark precision for several future collider options, including the
High Luminosity LHC (HL-LHC), the International Linear Collider (ILC), TLEP, China Electron
Positron Collider (CEPC), and a 100 TeV proton-proton collider, such as the Very High Energy
LHC (VHE-LHC) or the Super proton-proton Collider (SPPC). For the regions of parameter space
leading to a strong first order electroweak phase transition, we find that there exists considerable
potential for observable deviations from purely Standard Model Higgs properties at these prospective
future colliders.
I. INTRODUCTION
The ultimate structure of electroweak symmetry
breaking (EWSB) is a key question in elementary par-
ticle physics. Consequentially, after the recent discov-
ery of a Higgs particle at the Large Hadron Collider
(LHC) [1, 2], detailed measurements of its properties have
become one of the main priorities of the LHC and future
colliders. Thus far, measurements of its couplings are
consistent with those expected from the Standard Model
(SM). Moreover, including the mass of the new particle
in the global electroweak SM fit to precision observables
now asserts the validity of the SM at the 0.1% level [3].
Despite this, the SM cannot yet be complete. One out-
standing problem, which lies at the interface of cosmology
with particle and nuclear physics, is to explain the origin
of the baryon asymmetry of the universe:
nB
s
= (8.59± 0.11)× 10−11 (Planck) [4] (1)
where nB (s) is the baryon number (entropy) den-
sity. Among the several proposed scenarios, electroweak
baryogenesis (EWBG) is particularly interesting as it is
inextricably tied to electroweak symmetry breaking (for
a recent review see, e.g., [5]) and therefore potentially
subject to current and near-future collider probes of the
scalar sector. At the same time, current and future
searches for the permanent electric dipole moments of
atoms, molecules, and nucleons provide a powerful win-
dow on the CP-violation needed for baryon asymmetry
generation.
Successful EWBG requires a strongly first-order elec-
troweak phase transition (EWPT) that proceeds via bub-
ble nucleation at temperatures O(100 GeV) and new
sources of CP violation. CP-violating interactions at
the bubble walls induce chiral asymmetries which bias
rapid sphaleron processes in the unbroken phase to cre-
ate non-zero baryon density. This baryon density sub-
sequently diffuses into the broken phase where EWSB
suppresses the rate of sphaleron transitions, freezing in
a baryon asymmetry. If not sufficiently suppressed, the
sphalerons will restore equilibrium by washing out the
asymmetry altogether. The strength of the first-order
EWPT necessary to avoid washout is generally charac-
terized as φ(Tc)/Tc & 1, where φ is the SUL(2) scalar
background field and Tc is the critical temperature at
which the free energies of the broken and unbroken phases
become degenerate1. In the SM, this condition can only
be satisfied for values of the Higgs mass far below the
value indicated by the LHC. However, in extensions of
the SM, with more complex scalar sectors, this condi-
tion for a strong first order EWPT (SFOEWPT) can be
readily met.
In this work, we revisit the viability of a SFOEWPT in
the simplest extension of the SM scalar sector involving
one real gauge singlet scalar S, dubbed the “xSM” , and
analyze its implications for future, precision Higgs studies
(for earlier studies of the EWPT dynamics and/or phe-
nomenology of the xSM, see e.g., [6–19] and references
therein). This scenario does not contain new sources of
CP violation but, in its most general form, provides a
framework for studying the generic characteristics of the
EWPT in models with extra singlet scalars. It also falls
within the class of Higgs portal scenarios, in which the
dominant connection between the SM and new physics
sectors is through operators of the form H†HS and
H†HS2. After EWSB, these operators induce mixing
between S and H, giving rise to a pair of neutral mass
1 As we discuss below, one must exercise care in defining this ratio
in order to maintain gauge invariance.
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eigenstates, h1,2. Depending on their masses, the Higgs
portal operators can enable either new decay [6, 7, 9–12]
or resonant di-Higgs production [18] modes.
In our analysis, we consider the kinematic regime in
which no new on-shell decay modes arise and di-Higgs
production is non-resonant. As a result, in order to probe
the xSM scenario in this regime, precision measurements
are required. First, mixing generates small deviations
to Higgs production rates. Although current LHC mea-
surements constrain deviations to roughly O(20%) [20],
future collider experiments such as the high-luminosity
LHC (HL-LHC), the International Linear Collider (ILC),
TLEP, China Electron Positron Collider (CEPC), and a
100 TeV proton-proton collider, such as the Very High
Energy LHC (VHE-LHC) or Super Proton Proton Col-
lider (SPPC) are expected to significantly improve the
accuracy of these measurements. Second, mixing can
lead to significant deviations of the Higgs trilinear self-
coupling from its SM value, leading to potentially ob-
servable consequences for self-coupling studies. Finally,
the presence of another scalar state can be probed indi-
rectly, by precision electroweak observables, and directly,
by searches for singlet-like heavy Higgs bosons in the low
mass region, < 2mh. We consider all these constraints as
well as the projected sensitivity of future collider exper-
iments.
As Higgs portal interactions can also enable the oc-
currence of a SFOEWPT [7], the aforementioned exper-
imental signatures provide a link between collider phe-
nomenology and phase transition dynamics. In our anal-
ysis, we rely on a combination of analytic and numerical
methods to analyze the xSM EWPT and its phenomeno-
logical consequences. We first revisit analytic calcula-
tions of the strength, relying heavily on Ref. [7], in order
to gain intuition of the generic characteristics. Then,
up-dating that work, we rely on the CosmoTransitions
package [21] to calculate various aspects of the EWPT
numerically. Our strategy in this work is to ascertain
where current and future collider searches would probe
the SFOEWPT-viable parameter space.
Our analysis indicates that a SFOEWPT prefers large
negative couplings associated with the H†HS Higgs por-
tal operator. As we discuss below, this preference bi-
ases the associated collider phenomenology towards large
mass splittings between the scalar eigenstates in the re-
gion of small mixing angles while allowing for potentially
significant reductions in the strength of the SM-like scalar
self coupling. Future precision measurements of the SM-
like scalar signal strengths and self-coupling would, then,
provide powerful probes of the SFOEWPT-viable param-
eter space. In this respect, there appears to be con-
siderable potential for observable deviations from purely
SM-like Higgs properties. Moreover, direct searches for
singlet-like scalars having SM-like Higgs branching ratios
but reduced signal strengths would provide an additional
window on this scenario. Combining such searches with
precision Higgs property measurements at future collid-
ers could, thus, reveal the presence of scalar potential
dynamics needed for preserving any baryon asymmetry
produced during the EWSB era2.
Our discussion of this analysis is organized as follows:
in Section II, we establish our notations for the xSM
model and discuss basic theoretical bounds. Section III
describes our fit to the current Higgs coupling measure-
ments and study of future sensitivities of the HL-LHC,
ILC, TLEP, CEPC, and VHE-LHC or SPPC. In this
section, we also present constraints from heavy SM-like
Higgs searches and electroweak precision observables. In
Section IV, we discuss the finite temperature effective po-
tential and our analysis of the EWPT. In section V, we
present our final comments and conclusions.
II. THE XSM: A SINGLET SCALAR
EXTENSION OF THE SM
We study a minimal extension of the SM scalar sector
consisting of a single, gauge singlet, real scalar field S.
The T = 0 tree level potential for the Higgs doublet H
and S is given by
V T=00 (H,S) = − µ2
(
H†H
)
+ λ
(
H†H
)2
+
a1
2
(
H†H
)
S
+
a2
2
(
H†H
)
S2 +
b2
2
S2 +
b3
3
S3 +
b4
4
S4. (2)
The a1 and a2 parameters constitute the Higgs portal
which provides the only connection to the SM for the
singlet scalar S. The b2, b3, and b4 parameters are
self-interactions which, without the Higgs portal, con-
stitute a hidden sector. Our notation here follows that
of Refs. [6, 7, 9], where no distinction is made between
dimensionful and dimensionless couplings. Modulo the
a1 and b3 parameters, the potential has a Z2 symmetry
that stabilizes the singlet scalar, enabling a dark matter
interpretation3 which has been studied by many previous
authors, e.g., [12, 15, 16]. However, as these parameters
play a large role in the strength of the EWPT, we retain
them, thereby rendering S incapable of simultaneously
providing a successful dark matter candidate.
As we are interested in the general pattern of EWSB
for non-vanishing temperatures, we let S, as well as H,
take on a vacuum expectation value (vev), i.e., S → x0+s
and H → (v0 + h)/
√
2 where x0 and v0 are the T = 0
vevs. Since x0 also breaks Z2 symmetry, we choose it to
be positive through a field redefinition (s → −s). The
2 We note that, owing to our implementation of gauge indepen-
dence in the CosmoTransitions package, we do not consider the
region of parameter space where a first order EWPT may arise
through the combination of loop-induced SM contributions and
an effective reduction in the Higgs quartic self-coupling as ob-
served in Ref. [7].
3 As was pointed out in Ref. [7], even if a Z2 symmetry is present
before electroweak symmetry breaking, both scalar eigenstates
are made unstable through mixing if 〈S〉 6= 0.
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minimization conditions then allow us to express two of
the potential parameters in Eq. (2) in terms of the T = 0
vevs and other potential parameters as
µ2 = λv20 + (a1 + a2x0)
x0
2
b2 = − b3x0 − b4x20 −
a1v
2
0
4x0
− a2v
2
0
2
. (3)
We find it useful to exchange these two mass dimension
two parameters for those appearing on the RHS of Eq. (3)
that have mass dimension one or zero. Doing so is partic-
ularly advantageous for numerical scans as we may choose
smaller ranges for the latter parameters than would oth-
erwise be necessary for the mass-squared parameters.
The elements of the tree level mass-squared matrix are
given by
m2hh ≡
d2V
dh2
= 2λv20
m2ss ≡
d2V
ds2
= b3x0 + 2b4x
2
0 −
a1v
2
0
4x0
m2hs ≡
d2V
dhds
= (a1 + 2a2x0)
v0
2
, (4)
with the corresponding mass eigenstates
h1 = h cos θ + s sin θ
h2 = −h sin θ + s cos θ (5)
where h1 (h2) is the more SUL(2)-like (singlet-like)
scalar. The mixing angle θ is most easily defined in terms
of the mass eigenvalues,
m21,2 =
m2hh +m
2
ss ±
∣∣m2hh −m2ss∣∣
√
1 +
(
m2hs
m2hh −m2ss
)2
2
,
(6)
as
sin 2θ =
(a1 + 2a2x0) v0
(m21 −m22)
. (7)
Here, we make several points.
• We require that the SUL(2)-like scalar eigenstate,
h1, is the lighter eigenstate and identify it with
the observed Higgs boson at the LHC [1, 2], i.e.,
we set m1 ≡ 125 GeV. The couplings to all SM
states are then rescaled by cos θ, which results in
modifications to the production cross sections that
can be constrained by measurements of Higgs sig-
nal strengths. We explore these constraints in the
next section.
• The singlet-like scalar eigenstate, h2, receives its
decay modes entirely from mixing, via the Higgs
portal couplings a1 and a2. As such, these parame-
ters are also sensitive to collider searches for heavy
SM-like Higgs bosons. Moreover, electroweak pre-
cision observables are sensitive to the presence of
new heavy scalar states. We explore the effect of
these constraints on the mixing angle, θ, and mass,
m2, in the next section.
• The relation for the mixing angle θ in Eq. (7) im-
plies a highly non-trivial bound on the Higgs portal
parameters and physical masses,
− 1 ≤ (a1 + 2a2x0) v0
(m21 −m22)
≤ 1, (8)
which becomes more severe in the limit in which h1
and h2 are degenerate.
To avoid vacuum instability at T = 0, the potential in
Eq. (2) must be bounded from below. This is imposed by
requiring the positivity of the quartic coefficients along
all directions in field space. Along the h (s) direction,
this leads to the bound λ > 0 (b4 > 0) while, along an
arbitrary direction, this implies a2 > −
√
λb4.
For viable EWSB, two conditions must be met. The
first is that the determinant of the mass mixing matrix
described in Eq. (4) must be positive for T ≤ Tc, where
Tc is the critical temperature associated with the EWPT.
This is true when
b3x+ 2b4x
2 − a1v
2
4x
− (a1 + 2a2x)
2
8λ
> 0, (9)
where v and x denote the finite temperature vevs for
T ≤ Tc. The second condition is that the electroweak
minimum must be the absolute minimum at T = 0,
which we impose numerically.
III. COLLIDER PHENOMENOLOGY AND
ELECTROWEAK PRECISION OBSERVABLES
Phenomenologically, current measurements of Higgs
couplings constrain the combinations of potential pa-
rameters that determine the singlet-like scalar mass
eigenvalue, m2, and the mixing angle sin 2θ. In this work,
we concentrate on the kinematic regime in which no
new scalar decay modes arise, i.e., m1/2 < m2 ≤ 2m1,
where we remind the reader that we have defined
m1 = 125 GeV. This scenario is particularly challenging
experimentally and the strategy to probe it necessarily
must include high precision measurements of Higgs cou-
plings. Motivated by this, we study not only the current
status of LHC measurements of Higgs couplings but also
projections for experiments at the HL-LHC, ILC, TLEP,
CPEC, and VHE-LHC or SPPC as well. Moreover, we
include in our analysis SM-like Higgs searches in the low
mass regime and electroweak precision observables.
From Eq. (5), the couplings of the SUL(2)-like eigen-
state, h1, to all SM states are simply rescaled versions of
3
SM Higgs couplings,
gh1XX = cos θg
SM
hXX . (10)
Since m1 is fixed, all signal rates µXX associated with
Higgs measurements, relative to pure SM-Higgs expecta-
tions, are strictly functions of the mixing angle as
µXX =
σ · BR
σSM · BRSM = cos
2 θ, (11)
where σ is the production cross section and the branching
ratios, BR, are independent of the mixing angle as there
are no new additions to the total width. We then impose
constraints on the mixing angle by performing a global
χ2 fit to the current Higgs data from both ATLAS [20]
and CMS [22–26] using
χ2(θ) =
∑
i
(
µobsi − cos2 θ
∆µobsi
)2
, (12)
where µobsi (∆µ
obs
i ) are the (uncertainties in the) ob-
served signal rates. The result, shown in the left panel of
Fig. 1, is that the present 95% C.L. limit on the mixing
angle is | cos θ| ≥ 0.84.
In principle, it is possible to obtain estimates of sen-
sitivities to the mixing angle from future collider exper-
iments. Loosely following Ref. [27], we adopt a “naive
χ2 method” in which we take as input the projected esti-
mates for uncertainties of signal rates, ∆µproj , presented
by experimental collaborations. We then assume each
measurement to be independent, centered on the SM ex-
pectation, and gaussian distributed so that we may ex-
tract fit values of cos θ from the χ2 function
χ2(θ) =
∑
i
(
1− cos2 θ
∆µproji
)2
. (13)
For the HL-LHC, the ATLAS collaboration has provided
such projected uncertainties on its signal rate measure-
ments at
√
s =14 TeV for both 300 fb−1 and 3000
fb−1 [28], assuming current theoretical and systematic
uncertainties. The CMS collaboration has also presented
a set of estimates at
√
s =14 TeV for both 300 fb−1 and
3000 fb−1, using two scenarios [29]. In scenario 1, cur-
rent systematic and theoretical uncertainties are left un-
changed. In scenario 2, theoretical uncertainties are
taken to be 1/2 their current value while systematic un-
certainties are scaled by the square root of the luminosity.
In an effort to take values whose underlying assumptions
match those of the ATLAS analysis as much as possible,
we take inputs from scenario 1 only. Moreover, we find
that the projected limit on θ does not vary much between
300 fb−1 and 3000 fb−1, so we simply show limits for the
most ambitious scenario of 3000 fb−1. We then interpret
the projected HL-LHC sensitivity to the mixing angle as
the 95% C.L. limit from the combined fit to both ATLAS
and CMS projections. The result is presented in the right
panel of Fig. 1 as a black dashed vertical line.
While precision measurements at the HL-LHC are
made difficult by rising systematic uncertainties, ILC un-
certainties will be dominated by statistical errors and
so are expected to continually improve with more data.
In the ILC Higgs white paper [32], estimates for uncer-
tainties in signal rates are given at 3 separate stages,√
s =250 GeV for 250 fb−1(ILC-1),
√
s =500 GeV for
500 fb−1(ILC-2), and
√
s =1000 GeV for 1000 fb−1(ILC-
3). Using the same naive χ2 method, we produce esti-
mates for the sensitivity to the mixing angle from the
various stages of the ILC collider program. Again, as
the variation in sensitivity between the ILC-1 and ILC-2
programs or ILC-2 and ILC-3 programs is quite small,
we only present the projected sensitivities from the ILC-
1 and ILC-3 programs. The results are presented in the
right panel of Fig. 1, as solid (ILC-1) and dashed (ILC-3)
blue vertical lines.
The recently proposed TLEP collider is an e+e− circu-
lar collider capable of high luminosities with a center of
mass energy range between 90 and 500 GeV [33]. Esti-
mated uncertainties for signal rates have also been quan-
tified for TLEP assuming
√
s =240 GeV, optimal for
Higgs production, and 1 ab−1 [34]. Employing the same
naive χ2 method, we calculate the sensitivity to the mix-
ing angle and present the result in the right panel of Fig.
1 as a solid red line. The sensitivities for the CEPC are
expected to be similar to those for TLEP, so we will use
the TLEP benchmarks in Ref. [33] as indicative for both
collider options.
We also note here that such estimates of signal rate
uncertainties are, to the best of our knowledge, not yet
available for the VHE-LHC or SPPC, so we cannot yet
estimate its sensitivity to the mixing angle.
Aside from precision studies of Higgs signal rates, an-
other way to experimentally probe the xSM scenario is by
directly searching for the heavy singlet-like mass eigen-
state, h2. This state inherits all its interactions with the
SM entirely from the mixing and so, modulo a rescaling
of the couplings
gh2XX = sin θg
SM
hXX , (14)
has a similar phenomenology to that of the SM Higgs. In
particular, our expectations of branching ratios should be
unchanged. In direct analogy with the previous analysis,
the signal rates relative to the SM rates are independent
of the h2 mass and functions of the mixing angle only,
i.e.,
µXX =
σ(m2) · BR(m2)
σSM (m2) · BRSM (m2)
= 1− cos2 θ. (15)
As the mass of h2 approaches the di-boson thresholds,
2MW and 2MZ , the branching ratios to these states begin
to dominate. Motivated by this, the CMS collaboration
has performed a search for a SM-like Higgs in the mass
range 145−1000 GeV, concentrating on theWW and ZZ
final states [35]. They place a limit on a signal rate for the
heavy SM-like boson by normalizing the observed rate to
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FIG. 1: Left panel: χ2 fit to mixing angle from current Higgs measurements at the LHC. The current 95% C.L. limit is
| cos θ| ≥ 0.84. Right panel: The combined current and projected constraints on the mixing angle and singlet-like eigenstate
mass m2. The current limits are from a combined fit to current ATLAS and CMS Higgs measurements (black solid line), CMS
heavy SM-like Higgs searches (blue region), null results from LHC SM Higgs searches (red region), null results from LEP SM
Higgs searches (green region), and electroweak precision observables (beige region). The projected constraints on the mixing
angle are from the
√
s = 14 TeV, 3 ab−1 HL-LHC run (black dashed line),
√
s = 250 GeV, 250 fb−1 (ILC-1) ILC run (blue
solid line),
√
s = 1 TeV, 1 ab−1 (ILC-3) ILC run (blue dashed line), and
√
s = 240 GeV, 1 ab−1 TLEP run (red solid line).
the SM prediction for the rate as a function of the Higgs
mass. The corresponding constraint is presented in the
right panel of Fig. 1, with the blue region representing
the allowed region.
Null results from SM Higgs searches [2] also probe the
presence of a second scalar state. Although the mass
range for these bounds extend from 110 GeV to 600 GeV,
we study only the range up to 2mh. We present the al-
lowed region from these bounds as the shaded red region
in the right panel of Fig. 1. The mass gap at ∼125 GeV
cannot be excluded due to the observed presence of the
SUL(2)-like scalar eigenstate. Moreover, once m2 <114
GeV, the presence of such a low mass scalar is subject to
tight bounds from LEP [36]. These bounds constrain the
mixing angle through null searches for Higgs-strahlung
production of the singlet-like scalar, h2. We present the
allowed region from LEP bounds in the right panel of
Fig. 1 as the green shaded region. We emphasize that
the signal rates relative to the SM rates have no mass
dependence. However, the limits themselves are mass-
dependent, and it is this mass-dependence that is seen in
the right panel of Fig. 1.
Finally, we consider the impact of electroweak preci-
sion observables on the xSM by computing the scalar
contributions to the diagonal, weak gauge boson vacuum
polarization diagrams4. Using these results, we charac-
terize the effects of the xSM on electroweak precision ob-
servables and W -boson mass with the oblique parameters
4 As real neutral scalars carry no electric charge, they have no
effect on the Πγγ and ΠγZ polarization amplitudes.
S, T , and U . Both h1 and h2 interact with the W and
Z via rescaled versions of the corresponding SM Higgs
couplings, see Eq. (10) and (14). As such, we may write
the shift in any oblique parameter, O, entirely in terms of
the SM Higgs contribution to that parameter, OSM (m),
where m represents either m1 or m2. The shifts in the
oblique parameters, ∆O ≡ O − OSM , then take on the
simple form
∆O = cos2 θOSM (m1) + sin2 θOSM (m2)−OSM (m1)
=
(
1− cos2 θ) (OSM (m2)−OSM (m1)) , (16)
which makes it clear that the corresponding constraints
are significantly weakened for small singlet-like masses,
i.e., m2 ∼ m1, and small mixing angles.
In order to implement the fit to electroweak precision
observables, we take the best fit values and standard er-
rors for the shifts, ∆O, from the most recent post-Higgs-
discovery electroweak fit to the SM performed by the
Gfitter group [3]. The following results were obtained for
the SM reference point with the top quark (Higgs) mass
of mt,ref = 173 GeV (mh,ref = 126 GeV), yielding
S − SSM = 0.03± 0.10
T − TSM = 0.05± 0.12
U − USM = 0.03± 0.10. (17)
We then define a ∆χ2 as
∆χ2 =
∑
i,j
(
∆Oi −∆O0i
) (
σ2
)−1
ij
(
∆Oj −∆O0j
)
, (18)
where ∆O0i denotes the central values for the shifts in
Eq. (17); σ2ij ≡ σiρijσj with σi denoting the errors in
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Eq. (17); and the correlation matrix is [3]
ρij =
 1 0.891 −0.5400.891 1 −0.803
−0.540 −0.803 1
 . (19)
Following Ref. [37], we take the 95% C.L. ellipsoid in
the space of ∆Oi to correspond to ∆χ2 ≤ 5.99 and in-
terpret parameter regions as consistent with electroweak
precision observables if they lie within this region. We
present the allowed region of the cos θ, m2 parameter
space in the right panel of Fig. 1 as the beige shaded
region.
IV. THE ELECTROWEAK PHASE
TRANSITION
The standard analysis of the finite temperature effec-
tive potential, V T 6=0eff , entails the addition of three sepa-
rate contributions to the tree level T = 0 potential: the
T = 0 Coleman-Weinberg 1-loop effective potential; the
T 6= 0 1-loop corrections; and the bosonic ring correc-
tions that re-sum contributions from non-zero Matsub-
ara modes via inclusion of thermal masses in the 1-loop
propagators [38, 39] (see, e.g., Ref. [40], for a pedagogi-
cal review). However, as discussed in depth in Ref. [41],
the resulting V T 6=0eff is gauge-dependent. The value of
the EWSB vev is inherently gauge-dependent as it is not
an observable, while the standard procedure for extract-
ing the critical temperature, Tc, introduces a spurious
gauge-dependence in the computed value of Tc. Thus,
the conventional criterion for avoiding baryon washout,
φ(Tc)/Tc & 1 as na¨ıvely applied inherits both sources of
gauge-dependence.
There exist various strategies for defining a gauge-
invariant baryon number preservation criterion (BNPC).
For scenarios where there exist tree-level extremal con-
figurations, one may consistently implement loop cor-
rections in a gauge-invariant manner by employing an
~-expansion. This approach is particularly applicable
when the existence of a first-order EWPT arises from
a loop-induced barrier between the broken and unbroken
extrema. For the present case, the cubic Higgs portal op-
erator generates a tree-level barrier, suggesting a simpler
strategy that we adopt here: we forgo the addition of
the T = 0 Coleman-Weinberg 1-loop effective potential
and retain only the gauge-independent thermal mass cor-
rections to the effective potential. The latter are decisive
for the restoration of EW symmetry at high-temperature,
as they eventually overcome the negative mass-squared
terms in the potential5. For a discussion of the limits of
5 By themselves, the thermal mass corrections induce a second
order EWSB transition; the presence of the barrier arising from
validity of this high-T effective theory, see Ref. [42] and
references therein.
This approach allows us to derive a gauge-independent
T 6= 0 effective potential from which we can extract
physically meaningful results. In particular, both the
T -dependent vevs as well as the computed critical tem-
perature are manifestly gauge-independent. A similar
statement applies to the bubble nucleation rate (see be-
low). We note, however, that our approach will not al-
low us to investigate regions of parameter space where
the loop-induced cubic term in the potential drives the
first-order EWPT and where suitable choices of the other
model parameters ensures that it is suitably “strong”.
We also note that, with the level of complication in-
volved in the xSM potential, it is possible that the tran-
sition to the electroweak phase could have proceeded
through multiple steps, passing through intermediary
phases before reaching the electroweak phase. The study
of Ref. [7], for example, found that more effective baryon
number preservation occurs when the EWPT begins from
a phase in which the singlet field has a non-zero vev.
Multistep transitions have also been explored in scalar
sector extensions involving non-trivial SU(2) scalar rep-
resentations (e.g., see Ref. [43]). In principle they may
be exploited to generate the baryon asymmetry during
a higher-temperature, less experimentally constrained
transition that proceeds prior to the transition to the
present vacuum. In our current analysis, we will not
concern ourselves with the details of the full thermal his-
tory of the potential but, instead, remain focused on the
implications of the xSM for the EWPT only.
With these caveats in mind, we now study the impli-
cations of the xSM model for the strength of the EWPT
in the early universe. We begin by following Refs. [7, 44]
and work with a cylindrical coordinate representation for
the T -dependent vevs
v¯(T )/
√
2 = φ¯(T ) cosα(T )
x¯(T ) = φ¯(T ) sinα(T ) , (20)
where the bar over v and x indicate the are the gauge-
independent doublet and singlet vevs in the high-T ef-
fective theory. The energy of the electroweak sphaleron
responsible for baryon washout is proportional to the
SU(2)L-breaking energy scale that, in our high-T effec-
tive theory, is given by v¯(T ). To ensure that electroweak
sphalerons are sufficiently quenched in the broken elec-
troweak phase to prevent the washout of any baryon
asymmetry, one finds the approximate requirement:
cosα(Tc)
φ¯(Tc)
Tc
& 1 (21)
during the EWPT. If this condition is met, then the
EWPT is said to be strongly first-order. We empha-
the tree-level cubic portal operator makes the transition first
order.
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size that, although gauge-independent, Eq. (21) gives a
rough BNPC, as there exist a variety of additional the-
oretical uncertainties that enter the computation of the
sphaleron-induced rate for baryon washout (see Ref. [41]
for a detailed discussion).
To evaluate the quantities that characterize the tran-
sition, we use the CosmoTransitions package [21] , in-
putting the finite temperature effective potential in the
high temperature limit. Among the primary tasks of the
CosmoTransitions package is calculating the finite tem-
perature tunneling solution between two different vacua.
This tunneling solution characterizes a bubble with an
energy S3, the finite temperature, three-dimensional Eu-
clidean action. The ratio of S3 to the nucleation temper-
ature TN controls the thermal tunneling rate such that
nucleation only occurs when S3/TN ' 140 [45]. Although
we numerically enforce the electroweak minimum to be
the absolute minimum at T = 0 in our analysis, this does
not preclude the existence of other phases at T = 0 and
the possibility that the Universe could become stuck in
such a metastable phase. In order to exclude this pos-
sibility, we require that a given set of xSM parameters
yield S3/TN ' 140 in addition to satisfying Eq. (21).
Before implementing the xSM in CosmoTransitions
to calculate all quantities numerically, we include here a
short explanation of the finite temperature potential in
the high temperature limit for the purposes of relaying
physical intuition of our results. At T = 0, the tree-
level potential, Eq. (2), can be written in the cylindrical
coordinate system as
V T=00 (φ, α) =
(
−µ2 cos2 α+ b2
2
sin2 α
)
φ2
+
(
a1
2
cos2 α+
b3
3
sin2 α
)
sinαφ3
+
(
λ cos4 α+
a2
2
cos2 α sin2 α+
b4
4
sin4 α
)
φ4. (22)
Including the standard one-loop T 6= 0 corrections and
retaining the leading terms in the high-T expansion, we
obtain
V T 6=0eff (φ, α, T ) = BT
2φ+
(
2D¯(T 2 − T 20 ) +
b2
2
sin2 α
)
φ2
+Eφ3 + λ¯φ4 (23)
with
B =
(
a1 + b3
12
)
sinα
D¯ = DSM cos
2 α+
1
48
(
a2(1 + sin
2 α) + 3b4 sin
2 α
)
E =
(
a1
2
cos2 α+
b3
3
sin2 α
)
sinα
λ¯ = λ cos4 α+
a2
2
cos2 α sin2 α+
b4
4
sin4 α, (24)
where DSM and T0 correspond to the usual SM values.
Note that the BT 2φ tadpole term is gauge invariant at
one-loop order, as it arises from tree level operators. We
do not preclude the possibility that gauge-dependence
enters at higher order (in contrast to the thermal mass
corrections), so we will not retain this term in our anal-
ysis6.
The critical values, φ(Tc) and α(Tc), are determined by
minimizing V T 6=0eff (φ, α, T ) while Tc is defined by the con-
dition that the broken and unbroken electroweak phases
are degenerate, i.e.,
V T 6=0eff (φ, α 6= pi/2, Tc) = V T 6=0eff (φ, α = pi/2, Tc). (25)
In terms of the parameters in Eq. (24), the condition for
a SFOEWPT then becomes
− cosα(Tc) E(Tc)
2Tcλ¯(Tc)
& 1. (26)
Here, we see that a key feature of the xSM model in
relation to the EWPT the generation of a cubic terms
in V T 6=0eff at tree-level via the Z2-breaking operators.
This result agrees with that of [7] modulo the SM loop-
generated cubic terms in V T 6=0eff , which we have neglected
in our prescription for achieving gauge-independent re-
sults7.
The interpretation of the effects of the xSM parameters
can now be stated as follows:
• The Z2-breaking parameters serve to raise the bar-
rier between the electroweak phase and the high
temperature phase when the overall combination
of a1 and b3 in E is large and negative.
• The Z2-conserving quartic parameters in λ¯ may in-
crease the sphaleron energy by increasing v¯(TC).
They can do this by either all remaining positive
and taking on smaller values, or by a2 becoming
negative and large enough to reduce the effect of
λ and b4 while remaining small enough to main-
tain vacuum stability. Note that vacuum stability
dictates that λ and b4 both must remain positive.
We emphasize that the presence of a2 > 0 can in-
directly enable a SFOEWPT by allowing λ to take
on a smaller magnitude than it would in the SM.
In some regions of parameter space, the associated
contribution to m21 arising from m
2
hs allows for a
reduction in the contribution from m2hh = 2λv
2
0
while yielding the observed value of the SM-like
6 We also note that it is generally numerically suppressed, given
the linear dependence on sinα and the generally small values of
α implied by our study.
7 We again note that we have not included the loop-induced cu-
bic terms whose effect, when evaluated according to the gauge-
invariant procedure of Ref. [41], will open up additional regions
of EWPT-viable parameter space.
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FIG. 2: Scatter plots of the parameter space. Orange (light) points satisfy limits from current LHC measurements of Higgs
properties, heavy/light SM-like Higgs searches, and electroweak precision bounds. Black points further satisfy the requirement
of a SFOEWPT and exhibit a sufficiently fast thermal tunnelling rate to support bubble nucleation.
Higgs mass. The value of λ thus required to obtain
the observed Higgs-like scalar mass may be smaller
than in the SM. Moreover, λ enters λ¯ with a factor
of cos4 αc, so that reducing λ can effectively reduce
the denominator of Eq. (21) for | cosαc| ∼ 1.
• As our numerical results below indicate, a reduc-
tion in the value of λ (resulting from a2 > 0) may
also allow for a reduced value of Tc.
We perform numerical Monte Carlo scans of the xSM
parameter space. As our free parameters, we take all
cubic and quartic couplings in Eq. (2) as well as the T = 0
singlet vev, providing a full description of the potential.
Our scans cover this parameter space within the ranges
a1/TeV, b3/TeV ∈ [−1, 1] x0/TeV ∈ [0, 1]
b4, λ ∈ [0, 1] a2 ∈ [−2
√
λb4, 2], (27)
where the lower bounds on the quartic couplings
represent the vacuum stability bounds presented in
section II. For each point, we require consistency with all
bounds from collider searches and electroweak precision
observables presented in Fig. 1. Moreover, we perform 3
distinct scans, with each scan distinguished by the bound
imposed on the mixing angle, θ. The first scan imposes
current LHC bounds while the other two scans impose
prospective HL-LHC and ILC-3 bounds, respectively.
In Fig. 2, we present a selection of 2-dimensional slices
of the parameter space left after our first scan, imposing
the current LHC bound on the mixing angle. The orange
points are compatible with all collider and electroweak
precision bounds while the black points further yield a
SFOEWPT with the correct thermal tunneling rate for
bubble nucleation. In Fig. 2(a) we show the distribu-
tion of the Higgs portal parameters, a1 and a2. At the
collider/electroweak precision level, we find that a1 and
a2 are strongly anti-correlated, preferring to have oppo-
site signs throughout the space. This preference can be
understood from Eq. (8), in which the bound on sin 2θ re-
quires that, in the absence of sufficient suppression from
the mass splitting, m21 −m22, a cancellation between a1
and 2a2x0 must occur. Indeed, in the small regions where
both a1 and a2 have the same sign, the mass splitting is
near its maximum.
From the standpoint of the SFOEWPT, Eq. (26) im-
plies that negative values of a1 are preferred, therefore
favoring positive values for a2. This same mechanism is
8
responsible for the correlations seen between a1 and x0
[panel (b)] as well as x0 and a2 [panel (e)]. Moreover,
x0 can vary significantly from its value at Tc and, there-
fore, does not directly enter Eq. (26). Instead, it is the
SFOEWPT-preferred values for a1, through the bound in
Eq. (8), that set the scale for the SFOEWPT-preferred
values for x0, as evidenced by the approximate linear be-
haviour in the a1 versus x0 distribution [panel (b)].
The correlations seen between x0 and b3 [panel (d)]
before imposing the SFOEWPT requirements are less di-
rect, originating primarily from our choice of mass range
for m2. Specifically, the addition of the two scalar mass
eigenvalues in Eq. (6) gives
m21 +m
2
2 = m
2
hh +m
2
ss . (28)
Once the relations for m2hh and m
2
ss from Eq. (4) are
inserted and we make the approximate replacement a1 ∼
−2a2x0, the upper limit, m2 < 2m1, takes the form
b3 + 2b4x0 <
1
x0
(
5m21 − 2λv20 −
a2
2
v20
)
. (29)
As x0 becomes large, negative values of b3 are required
to remain within the correct mass range. However, as x0
becomes small, b3 is essentially unbounded. Moreover,
making the replacement x0 ∼ |a1|
2|a2| in Eq. (29), which
accounts for the fact that a1 and a2 are generically of
opposite sign, yields
b3 +
b4|a1|
|a2| <
2|a2|
|a1|
(
5m21 − 2λv20 −
a2
2
v20
)
. (30)
This shows that the observed preference for b3 < 0 in
the limit of large |a1| [panel (c)] also originates from our
choice of mass range for m2. Furthermore, the upper
limit observed on λ before the EWPT also originates from
our choice of mass range.
From Eq. (26), we expect that a SFOEWPT will pre-
fer negative values of b3. However, it is allowed to take
on positive values as well due to the fact that its effect
on the parameter E is somewhat suppressed by a factor
of sin2 α(Tc)/3. As shown in Fig. 2(g), a SFOEWPT re-
quires a large SUL(2) projection (i.e., value of cosα(Tc)),
implying small sinα(Tc). This suppression also acts to
diminish the effects of a2 and b4 in λ¯, rendering λ the
dominant parameter controlling the critical temperature,
as shown panel (h). Importantly, the presence of ad-
ditional contributions to the mass of the SM-like state
h1 allows λ to take on substantially smaller values than
its SM-value λSM ≈ 0.13. Although not all values of λ
arising from our scan lie below λSM ≈ 0.13, a sizable
fraction do fall in this range. Smaller values of TC , in
tandem with suitably large values of E/λ¯, can effectively
suppress the sphaleron rate, thereby preventing baryon
asymmetry washout.
Finally, in Fig. 2(i), we present the nucleation temper-
ature vs. critical temperature. Points along the diagonal
represent a difference of Tc−TN∼5 GeV while points be-
low the diagonal represent varying levels of supercooling.
All points lie above TN∼5 GeV, and so the model is safe
from BBN constraints. However, such supercooling ef-
fects result in a further enhancement of EWPT strength
by a factor of Tc/TN that is quite significant for some
parameter space points.
A. Phenomenological implications
We now consider the phenomenological implications of
a SFOEWPT, concentrating first on the effect on the
parameter space by subjecting the mixing angle to the
more stringent, prospective HL-LHC and ILC bounds8.
In doing so, we assume the future measurements will be
consistent with a pure SM-like Higgs boson. We de-
fer an analysis of discovery potential, corresponding to
a value of cos θ differing from unity by more than five
standard deviations, to future work. By concentrating
on the prospective exclusion, we nevertheless illustrate
the reach of future precision Higgs studies in probing the
possibility of a SFOEWPT in the xSM.
Under this set-up, we find that for all the 2-dimensional
slices of the parameter space shown in Fig. 2, the effect
of performing a scan with more stringent constraints
on the mixing angle is to simply reduce the density of
points. As the shape and nature of the correlations
do not significantly change, we do not present the full
parameter space again. However, in the top row of
Fig. 3, we show that the impact of prospective HL-LHC
and ILC-3 bounds on the parameter space [panels (b)
and (c), respectively] is to extend the efficiency of the
cancellation between a1 and 2a2x0 to higher values
of m2, corresponding to narrower “cones” of orange
points. This enforces successively higher levels of tuning
throughout the parameter space, making it more difficult
to achieve a strong SFOEWPT and therefore universally
reducing the point density.
In the bottom row of Fig. 3, we present the distri-
butions of points yielding a SFOEWPT and sufficiently
large thermal tunneling rates in the m2 vs. cos θ space
for the three separate numerical scans, overlaying the re-
sulting distributions on top of the constraints derived in
section III. We observe a tendency for points to prefer
larger masses and smaller mixing angles. Specifically,
in the case of the current LHC [panel (d)], more than
half the black points lie in the region m2 > 200 GeV
and cos θ > 0.97. This tendency is far more than neces-
sary from any constraint from current collider bounds or
electroweak precision observables, so we infer that it is
8 Due to the proximity of the ILC-3 and TLEP mixing angle
bounds, we do not explicitly consider the effect of TLEP bounds
here.
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FIG. 3: Top Row: Scatter plots showing the effect of the more stringent bounds on the mixing angle from the HL-LHC and ILC-3
accelerator programs. Bottom Row: Distributions of EWPT-preferred points overlayed with collider and electroweak precision
bounds for the current LHC (left), HL-LHC (middle), and ILC-3 (right).
EWPT-induced.
In order to understand this preference for values of m2
near the upper end of the mass range considered here,
we note a SFOEWPT prefers large negative values of
a1, potentially making a perfect cancellation between a1
and 2x0a2 in Eq. (8) difficult. In the case of an imperfect
cancellation, large mass splitting between the two scalar
eigenstates is required to compensate and remain within
this bound. Moreover, both large mass splitting and
efficient cancellations drive the parameter space towards
small mixing angles. This phase-transition induced
tendency of the parameter space can be viewed as
cosmologically driven motivation for direct searches for
new low mass (. 2mh) scalar states as well as high
precision measurements of Higgs signal strengths at the
HL-LHC and ILC. The ILC, TLEP, and CEPC – with
their exceedingly stringent projected sensitivity to the
mixing angles – hold considerable promise for observing
non-zero mixing associated with the SFOEWPT-viable
parameter space.
It is also interesting to consider the implications of fu-
ture measurements of the Higgs-like boson trilinear self-
coupling, as suggested by the early analysis of Ref. [8].
For center of mass energies below the di-Higgs produc-
tion threshold, an indirect determination can be obtained
through measurements of the Higgs associated produc-
tion cross section in e+e− annihilation[30]. Assuming a
0.4% determination of this cross section at TLEP 240 or
the CEPC, one may infer a value of the self-coupling with
∼ 30% precision. With an upgrade to √s =500 GeV and
1 ab−1 of luminosity, a 50% direct determination may be
possible at TLEP [34] using di-Higgs production. Projec-
tions for the HL-LHC (again using di-Higgs production)
range from 50% for the bb¯γγ channel [31] to 30%, as-
suming other channels such as bb¯W+W− and bg¯τ+τ−
can be measured with similar precision (see [34] and ref-
erences therein). At the ILC, a combination using the
e−e+ → Zhh and e−e+ → νν¯hh channels may allow for
a 13% determination [32]. The most promising scenarios
are for a 100 TeV pp collider, for which projections fall
in the 5-8% range [31, 34].
In the xSM, the self coupling of the SM-like Higgs bo-
son is given by the quantity
g111 = λv0 cos
3 θ +
1
4
(a1 + 2a2x0) cos
2 θ sin θ (31)
+
1
2
a2v0 cos θ sin
2 θ +
b3
3
sin3 θ + b4x0 sin
3 θ .
Given the small values of θ preferred by the present phe-
nomenological constraints, the tendency toward negative
values of (a1 + 2a2x0) as indicated by the top row of
Fig. 3, and the concentration of points for λ < λSM as
given in Fig. 2(h), we expect g111 to accommodate values
significantly below its SM value λSMv0 ≈ 33 GeV.
In Fig. 4, we show the correlation between g111 and the
critical temperature. As expected, we observe that (a)
this correlation largely parallels the correlation between
λ and Tc; (b) a substantial fraction of the SFOEWPT
parameter choices allow for a reduction in g111 from its
SM value; and (c) decreasing g111 implies decreasing Tc.
An increase in g111 over the SM value by as much as a
factor of two or more may also be possible. Thus, a pre-
cise determination of g111 would provide a powerful probe
of the SFOEWPT-viable parameter space. To illustrate
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FIG. 4: Correlation between the SM-like scalar (h1) self-
coupling g111 and the critical temperature for SFOEWPT-
viable parameter space points. Blue, red, green, and yellow
bands represent, respectively, a ±50%, ±30%, ±13%, and
±5% variation in g111 about its SM value.
this potential, we show in Fig. 4 bands corresponding to
±50%, ±30%, ±13%, and ±5% variations in g111 about
its SM value corresponding roughly to the prospective fu-
ture collider sensitivities summarized above. We see that
there exists a non-negligible fraction of the SFOEWPT-
viable points that would lead to significant and observ-
able deviations from the SM expectations for g111, par-
ticularly with the precision expected for the full ILC data
set and the VHE-LHC or SPPC. Conversely, agreement
with the SM value could yield stringent constraints on
the possibility of a SFOEWPT in this scenario.
V. CONCLUSIONS
Uncovering the dynamics of EWSB in the early uni-
verse and its possible connection with the origin of the
baryon asymmetry remains a key task in particle physics.
While the SM scalar sector does not allow for out-
of-equilibrium dynamics needed for baryogenesis, sim-
ple extensions of the scalar sector can accommodate a
SFOEWPT as required by electroweak baryogenesis sce-
narios. In this paper, we have revisited the implications
for the collider phenomenology and the EWPT of the
simplest extension of the SM scalar sector containing
one additional real gauge singlet scalar field, or xSM.
This model exemplifies the phase transition dynamics of
more extensive SM-extensions incorporating gauge sin-
glet scalars, e.g., variants of the minimal supersymmet-
ric SM that include a singlet superfield. Focusing on the
kinematic regime in which no new scalar decay modes
arise, we have updated the constraints on the parame-
ters of the xSM in light of the discovery of a Higgs-like
scalar at the LHC and present determinations of its signal
strengths. We have then shown how there exist consider-
able regions of SFOEWPT-viable parameter space that
one could probe with future precision Higgs studies at the
HL-LHC, ILC, TLEP, CEPC, VHE-LHC and/or SPPC
as well as with searches for singlet-like scalars in the low
mass region, < 2mh.
Should future experiments find evidence for non-zero
Higgs-singlet mixing, a substantial deviation of the Higgs
trilinear self-coupling from its SM value, and the ex-
istence of a second singlet-like scalar having SM-Higgs
branching ratios, our analysis would then allow one to
narrow down the regions of xSM parameter space consis-
tent with a SFOEWPT. A quantitatively robust assess-
ment of the viability of such a transition and a determi-
nation of its characteristics would then require a Monte
Carlo study, given the limitations of perturbation theory
in this context (for a discussion of these limitations, see
e.g., Ref. [41]). The outcome of such a program would
constitute a significant step toward explaining the abun-
dance of visible matter in the universe.
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